Abstract Environmental conditions control physiological processes in plants and thus their growth. The predicted global warming is expected to accelerate tree growth. However, the growth response is a complex function of several processes with both direct and indirect effects. To analyse this problem we have used needle nitrogen productivity, which is an aggregate parameter for production of new foliage. Data on needle dry matter, production, and nitrogen content in needles of Scots pine (Pinus sylvestris) and Norway spruce (Picea abies) from a wide range of climatic conditions were collected and needle nitrogen productivities, defined as dry matter production of needles per unit of nitrogen in the needle biomass, were calculated. Our results show that the nitrogen productivity for spruce is insensitive to temperature. However, for pine, temperature affects both the magnitude of nitrogen productivity at low needle biomass and the response to self-shading but the temperature response is small at the high end of needle biomass. For practical applications it may be sufficient to use a speciesspecific nitrogen productivity that is independent of temperature. Because temperature affects tree growth indirectly as well as through soil processes, the effects of temperature change on tree growth and ecosystem carbon storage should mainly be derived from effects on nitrogen availability through changes in nitrogen mineralization. In addition, this paper summarises data on dry matter, production and nitrogen content of needles of conifers along a temperature gradient.
Introduction
Forest resources (e.g. Kuusela 1994; Kauppi et al. 1992) and tree growth (e.g. Spiecker et al. 1996; Mund et al. 2002) in Europe have been increasing during the past decades. In part this is a consequence of changes in management but improved growth conditions also contribute. While the causes of the accelerating growth are still uncertain (e.g. Karjalainen et al. 1999) , climate has been suggested as one of them.
Analyses of climate impact on tree increment had already been published in the middle of the nineteenth century [Bravais and Martins 1841; Beketov 1867; Pokorny 1869 (all cited in Tarasov 1968) ] and there is a huge literature dealing with this topic from very different perspectives. Most of this research has been directed towards deriving statistical and empirical relations between tree growth and climatic variables. However, these correlations showed no logical geographical or temporal patterns (Mäkinen 2003) . Furthermore, the coming global climatic changes are likely to decrease the usefulness of existing yield tables for stand growth predictions (Chertov et al. 1999 ). These models reflect the current growth of trees, but not how trees will respond in the future. Explanations are required (Andersson et al. 2000) . Thus, process-based simulation models have been developed to overcome the limitations set by empirical models. Nevertheless, when climatic variables have been tested as predictors of growth, the climatic variables correlate with short-and medium-term growth variation, but long-term trends cannot be predicted (Spiecker et al. 1996) .
A mechanistic approach requires a strict relationship between causes and consequences (Kryazhimskii 2001) . Maps created by Churkina and Running (1998) of weighted climatic controls indicate that temperature must be a major measure of climate for use in growth models. However, the growth response is a complex function of several processes and temperature affects many processes of importance for growth, some of which operate directly on the plants and others that operate indirectly through soil processes. These two types of processes are likely to operate at different time scales. Long-term effects of temperature may, therefore, differ considerably from the short-term effects. Relationships between net production and mean annual climatic factors, which have been successful in predicting annual net production for a broad range of ecosystems in different climates (e.g. Lieth 1975) are purely statistical and do not separate the influence of different processes. There are just a few long-term studies of mechanisms of net carbon gain sensitivity to climatic conditions and these are generally focused on net photosynthesis (e.g. Teskey et al. 1994 ).
An important criterion when choosing a representation of a system is that it can be done with as few qualitatively different processes as possible (gren 1984) . Calculations of plant growth responses to environmental variables often depart from photosynthesis (Ryan et al. 1995) and it can be difficult to quantitatively match photosynthetic rates and growth rates (e.g. Kuppers et al. 1988; Boot et al. 1992; Fichtner et al. 1993) . A way to circumvent this problem is to operate at a higher level of integration, thus avoiding having to look at a large number of detailed processes. A possible approach is to use the strong relationship between growth and nutrients, notably nitrogen, in the plant (Ingestad 1979 (Ingestad , 1980 (Ingestad , 1981 Wikström 1995) with nutrient supply as the link between plants and soil. gren , 1985 gren and Bosatta 1998) formalized the growth response to nutrients in the nutrient productivity concept, which states that the relation between the plant's absolute growth rate and its content of nitrogen is linear. He also proposed that the proportionality factor in this relation (the nitrogen productivity) was conservative with respect to climate, but this suggestion has until now never been tested against empirical data. However, the practical advantage of such a simple predictor of plant growth is obvious. Furthermore, given that environmental conditions control physiological processes in plants and thus their growth, there is a potential for temperaturedriven changes in nitrogen productivity. In view of the concern about climatic change, it is important to test the temperature sensitivity of this parameter.
The primary objective of the present study is to test the temperature sensitivity of nitrogen productivity for different species. A second aim has been to collect biomass data from different climatic conditions.
Materials and methods

Collection of the published data
We have relied on literature data for conifers. Our analyses require information on needle biomass, needle growth, needle nitrogen content and temperature. We have only accepted needle data that have been obtained by direct sampling (trees were felled and needles were separated and weighed) and we ignored data derived from allometric equations. Some studies lacked climatic information and in this case we relied on data from nearby meteorological stations. Data were gathered from 57 stands of Scots pine (Pinus sylvestris L.) and 46 stands of Norway spruce [Picea abies (L.) Karst.] (see Appendices). Data for other species were insufficient to allow further analysis.
Nitrogen productivity Ideally, we would like to use the nitrogen productivity concept to describe the growth of the entire stand. However, there is rarely enough information available on sufficient tree components; in particular, we almost always lack data on belowground production. For that reason, we will apply the nitrogen productivity only to the production of new foliage. Although this is a restricted use, knowledge about the development of the foliage biomass is in itself important as the growth of other tree components can be derived from the size of the canopy (O'Neill et al. 1981; Waring 1983) . The rationale behind this approach is succinctly expressed by North Carolina State Forest Nutrition Cooperative (NCSFNC 2002) as "Leaves grow trees, resources grow leaves".
For larger plants, canopy size and architecture influences light interception and self-shading becomes important causing the nitrogen productivity to decrease with the size of the canopy. gren (1983) showed that nitrogen productivity for production of new foliage, P N , could be expressed as
where W is the total needle biomass, and a and b are speciesspecific parameters. Using this model we will test the temperature sensitivity of nitrogen productivity by analysing the temperature sensitivity of the parameters a and b.
Calculations
The nitrogen productivity (for foliage production) for a given stand, defined as the amount of foliage produced per amount of nitrogen in the canopy per unit of time (gren 1983), was calculated as (biomass of current-year needles)/(total nitrogen in needle biomass). This calculation uses the idea that growth of leaves can be equated with current-year needle biomass and that the determining resource is nitrogen in the needle biomass. We used mean annual air temperature (T) as a climatic variable because this is the only temperature variable generally available.
Results
The calculated nitrogen productivities for the two conifer species are given in Appendices 1 and 2. There is no suggestion of a relationship between temperature and nitrogen productivity for spruce in Fig. 1 (r 2 =0.03). On the other hand, there is a weak trend of decreasing P N with T for pine but there is a lot of scatter around the regression lines and much of the trend depends also on the single point at T=1.5C. The scatter is a result of differences in canopy size for a given temperature. To remove the influence of canopy size, we have used Eq. 1. Because of the limited size of the data sets we have tested the effect of temperature by splitting each of the two data into two almost equally large parts by looking at T<5C and T>5C. Figures 2 and 3 display the relation P N W for pine and spruce stands, respectively.
The negative relationship between nitrogen productivity and needle biomass is clear. An analysis of variance (Table 1) shows that the two temperature groups are significantly different only for Scots pine and that this difference can be attributed to both the intercepts and the slopes of the lines describing the relation between nitrogen productivity and needle biomass.
Discussion
Comments on the collected database In spite of already existing large databases on forest biomass and production (Cannell 1982; Bazilevich 1993; Usoltsev 2001) there is rarely enough information available in these databases to allow estimations of parameters (Young and Beven 1994) . Many of the published data can be unsuitable because they correspond to specific forestry problems and vital pieces of information can be missing for further analyses. This study is the first one synthesising stand level needle biomass (total and current) and foliage nitrogen of Scots pine and Norway spruce for most of their temperature range. This database covers most of the natural geographical distribution of these species, spanning the entire width of Eurasia, although a wider range of climatic conditions would have been desirable. The estimation of needle biomasses is problematic due to lack of accurate methods. The mean tree method, which provides the commonest estimate of biomass components, may introduce some uncertainty to stand-level needle biomass estimates (Zavitkovski et al. 1974 cited in Kuuluvainen 1990 . 
Sensitivity of nitrogen productivity
We found that temperature has no effect on nitrogen productivity of Norway spruce. On the other hand, the nitrogen productivity of Scots pine is sensitive to temperature and the sensitivity affects both the magnitude at low needle biomass and the response to self-shading. What is surprising is that nitrogen productivity seems to decrease with temperature except at the high end of the needle biomasses. We see two possible explanations.
First of all, it should be observed that nitrogen productivity represents the net carbon gain of a canopy and is therefore a balance between photosynthesis and respiration (gren 1996) . Calculations with a model parameterised for Pinus taeda by Lou et al. (2001) indicate that under certain conditions net assimilation might go down with temperature and that, in general, the temperature response of net assimilation might not be that large. The observed decrease in temperature sensitivity of nitrogen productivity with increasing needle biomass and thus increasing canopy size, when shelf shading becomes important, supports the suggestion that self-shading could limit the response of carbon assimilation to temperature (Ziska 1997). Ellsworth (2000) , who found that warming affected the net carbon assimilation only during sunny days, provides a further indication. In natural environments changes in temperature are often accompanied by changes in light intensity. Our observation suggests that the pronounced impact of light availability on net assimilation exceeds the impact of temperature. This is in consistent with Hennessey's observation (1991) that non-stomatal processes were a significant component of the rhythm in carbon assimilation, which did not occur spontaneously but must be induced and co-ordinated by an external stimulus. However, while cycles of light during growth entrained circadian rhythm in assimilation, a temperature cycle under constant light did not induce this rhythm.
Secondly, we are using temperature as a substitute for all climatic variables. However, increasing temperature may also be accompanied by water stress, which could lead to decreasing production with increasing temperature as a result of increased evaporative demands. Climatic changes, where current patterns of temperature and precipitation are altered, may therefore require a revision of our analyses.
It should be noted that the predicted higher sensitivity at low needle biomass depends on stands with either very young or very old trees (Appendices). The observed decrease of sensitivity towards the high end of the needle biomasses could be a shift from a juvenile to an adult phase. That is, the net production of adult trees is less sensitive to changes in temperature than that of juvenile trees. Another observation pointing in this direction is provided by Ermolenko (1981) who found that the dry weight production of a unit of needles became independent of temperature at the age of a tree coinciding with the life span of needles for the species. Similarly, the higher sensitivity at low needle biomass for very old trees, might be attributable to ageing effects, when decline in needle mass is usual. We have tried to see if there are any systematic age effects by dividing the data into two groups of young and old stands, similar to the partitioning into high and low temperatures, but no age effects are apparent. However, these results must be taken with caution because they are based on only a small number of stands. Also, the main part of the ecophysiological knowledge is derived from measurements on seedlings during the juvenile phase and less is known about the response of mature trees to climate change (Källomäki 2000) .
Finally, although the observed effect of temperature on nitrogen productivity for Scots pine seems to indicate a decrease with increasing temperature, there is a lot of scatter in the data, and over large ranges of needle biomasses the difference between high and low temperature is small. Moreover, much of the difference at low needle biomasses depends on a few data points. Therefore, for practical applications it may be sufficient to use a nitrogen productivity that is independent of temperature. These results are from two conifer species, but as these two species have rather different physiologies (e.g. sensitivity to shade) it is possible that other conifers would also show a similar insensitivity in nitrogen productivity.
Temperature is also influencing tree growth indirectly by its effect on decomposition of soil organic matter and mineralisation of soil nutrients (Eberhardt et al. 2000) . Our result suggests that this might be the mechanism through which long-term temperature effects operate. Additional evidence for this is that there is a weak tendency in the data set towards increasing nitrogen concentration in the foliage with increasing temperature, which could be a consequence of more rapid nitrogen mineralisation in warmer climates. Unfortunately, there are no clear mechanisms explaining the response of nutrient uptake to soil temperature. Ingestad (1979) showed that the efficiency of the nutrient solution to supply nutrients is independent of the temperature of the nutrient solution. Not surprisingly, there is a lot of contradiction in empirically derived relationships between net assimilation and soil temperature (e.g. DeLucia 1986; Day et al. 1990; Man and Lieffers 1997; Grossnickle 2000; Landhausser 2001 ). However, the major issue is probably how to obtain a correct estimate of the rate of nitrogen mineralisation and thus the supply of nitrogen to the trees.
Conclusion
We have analysed the temperature response of the nitrogen productivity. Our main result is that the nitrogen productivity of conifers is not sensitive to temperature. This result supports the hypothesis that effects of temperature on the growth of trees are mediated by nutrient availability (Eberhardt et al. 2000) . Indirect effects can be more important than direct effects and efforts should therefore be focused on the processes occurring in the soil when estimating future stand growth.
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Appendix 1
Data on Pinus sylvestris stands Mean annual temperature T (C), total and current needle biomasses (t/ha), amount of nitrogen in needle biomass (kg/ha), nitrogen productivity (P N ) in Pinus sylvestris stands of different ages (years) 
